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Abstract

‘1’his a]ticlc  dcsmilm  the ~wrfonnalm  of Vu]] S]mtruln  Collll)i]lill.g  (1’’S(;), aII ar-
]aying  t,cchniquc  king considcd  for the Galikw S-1 kIIId Illissioll, i]) tmns of sy]nld
SNN degradation and symlm] SNlt  k)ss. It is shown that ldh dcgradat,im  and 10ss
arc in agmvncnt  at low values of Sty Inld SNli lmt diverge at, l)igh values. lkw tlw
Galiko S-band mission, the degradation ])mvidcs  a good cstirnatc  for the ])clfo]ir]allcc
as the Stymld  SNI{ is t.yl)icall.y  lwlow -5 d]]. 1 kqw~di]lg on the sulxarricr  l)a Idwidth,
tllc degradation for 2 70-meter a~dxnnas  can vary from 0.1 d]] to 0.5 dl 1.

I Introduction

IT] deep space co]lllllllllicati[l]]s,  combilli]]g;  tfllc Outj])utls  of lnultfi])]c  antennas is m nlnol Ily
rcf(!l’1’c(l to <as allaying. Arraying tdll]iqucs  arc of sigllificallt, i] n]wtallcw  bccausc systu IIS
tl]at  mnpk)y arraying lIavc better ]mfcmna)]cw  t)llall  tlmc tl~at dOII ‘t! h’or cxaln]d(:, if si.g]al
]mwm-to-]mi  sc do lsi Ly ratio (P/No) is a measure of systm n ] mfomallcc,  L1 lcn t] w cflcctivc
l’/No  ah arraying is idcall  y cqunl to tllc suln of tlw l’/No’s  cc)]lcs])c)]]cli]]g;  to t}lw i] ldividual
ankv II I~M. Altlmugh arraying impmm systmn ]wfm’]n<ancc, it lm IJCCI1 cIn]Jloycd s]mrillgly
ill tllc ]mst bccausc arraying  a d d s  com])lcxitty.  (;ollsccjllc]ltfl.y,  it lIcas bcml ]nostj ap]wali]]g
a s  a  kclllliquc  h incrcasc t,hc co]]ll]]~l~]icatic)]ls  link ]nargill  oIll,y w] ICI I li]lks arc o]mrati]lg
]lcm tJlmslIold.  I’m inst)ancc cxmsidcr t,l Ic Galileo s]xmcraftl  wl]icl], duc Lo a ] I Ialful  lctlio]}al

*’J’IIc  work dcscribccl  iII this ]}a]mr  was carried OUL by tllc! Jet l’m])ulsiml 1,almratmy,  (~alifonlia  llwtitutr
of  ‘1’dIIIolog.y,  uIIdcr a cm)hact witl) tllc Natio]lal  Acro]lautics  a]d  S])acc A(l]llillislratio]l.
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111 order Lo maxilnim  tkc coJnbiIliIIg gain, h IIJ signals arc aliglml  ill t,ilnc and plIasc
before king combind  [2], I II a practical systcIII, ti]nc misalig]l]nmtj  and ])hasc IIIiSInat(Cll
rcsul tls i]] a less t,han ideal l’/N() gain at t,l w Out]mti of t,l w cm nbi] K:r. ‘1’lN analysis IN1OW
~assumcs  that t,hc signals arc ~wfcctly  aligned in t)imc but, lmtl ill 1)1 Iasc. 1 )(!ldillg; tfllc ])hasc

1“a IgIIIINIIt  CITOI’  as Aq’)il, LIIC co]nbillcd  sig)lal ~mwcr.  condition 011 A@~il  is givcll as [2]

i s  t,l]c conqkx signal rcductiw funct)iml  duc to JJhasc IIlis:ilig,l]l)lcllt.
Ah carrier and subcanicr  (lclllc)(l~~l:itioll,  tlw coltll)illcd  sy]t~ld  strcaln  at tlw lnatclm}

fil tlcr ouij~mt)  cm bc wi tltm as [1]

is t,llc I/” symbol .  M(nwovcr, t] w mist 71+ is a G aussim  m KkN n
‘“’~~ WIIOT 7’ is Lllc symlml ])criod  and Noe,, (ill  W / 1  Iz) is*2. .71 2?’ .,

o]lc-si(lcd noise spectral (lcnsitly ICVCI at, tlllc lnatlc]l filtlcr inl)utl givcll

11

varial)lc witll~  variance
L])(! cfli!ctjivc COlnl)ill(!(l
by [2]

(6)
~- ,

‘1’llc sigl]al rductlion  funct,io])s L’C : cos@c:  and CSC : 1 -- ~l#~SC]  ill (5) mc rcsj)cctivc]y duc
to iln~)crfcct  ca,rricr and sukawicr  syllclllolliz[ltioll.” ‘J’ll(:{lll:Llltfiti(!s  q$C and ~)sC rcs])cct,ivc]y
dc])ot(! t,llc camicr and subcarricr  ]dImc t)rackil]g errors. ‘J’lmsignal  ]c{lllct,io]l(l  [l(:tlosy]t]l)ol
tlilnil)p;  error, wllicl] occurs only duril)g syInbol tjransitfions,  is equal to 1 - : lf/)~y  I Wll(!rc  qf)sy

dmmtsx t,lm symbol ~hasc t,rackillg mm. ‘J’IN SN 1 { cm l(li tie] d 011 A~Ji 1, @C, ~J.,C, q!su, dcl dcd
SNR’, is dcfillc(] as t,l)c square  d t,llc cmldit,iol]al  lncall of vk (lividcd by tl)c c(m(lit,iol}al
variance of v~, i.c,

(7)

‘1’IIc last  cquat,ion is useful in m] nl)ut,il)g t,llc syIIIlml SN1{, (l(:p;I:~(l:lt,ic)])  and loss as showII
1) C1OW.

3



2.1 Symbol SNR Degradation

‘1’lIc SN1{,  d(!gradation  is defined as tlIc ratio of the SNli i]) the IHcscncc of iln]x:rfcd  IJlasc
diglllncllt  al~d syl~cl]rollizatiol]”  to ideal SNlt (IN ]Jl,asc mu’s). After mnputing  t]ic SNlt
i] I t,] w lmscncc  of 1 )I]asc mum ( obtai IIcd by averaging (7) over A,~~i I, @C, ~~.qe, al ld ~~sy) al ld
tlm dividil]g  by the ideal SNI{ given by [2] (i .c., S’NI{MC,,l  ~ 2#~,L >;: , ~i), yields tllc Sill\
dcgmlatim,  namdy,

(8)

Wllcl’(!

[ __ 1l~(pc)@ , ; ].1.

l[,(pc)
(9)

{

81~;:c,, ]. . . -1 -4

2-
] (10)

n 2 fli~ ~ psc

{

~;2 , ]- A 1 1 1
w “1- - (11)

‘2 & 4712  Psy

where 1~ (PC) dcmdcs  tlm modi fid 1 ICSSC1 function of orb k. III deriving; (9)-(1 1), ~~C was
assul  ncd h bc ‘1 ‘ikhonov  distributed wit] I o: : ;C , al ld (/)sc  al 1{1 (jsu Were asslll 11(!(1 t’o l)C
<;aussian wit)]] Ics])cctlivc o~C : -] mid  CJ:V : j~u W] K!l’C i,llc 100]) Sh’l{s /?c, psc, a n d  ps~ ~~”~

P*C

givcll as [2]

1$7’ (
-1

Pc ‘ -–-----–  1-1 -- -;y] --
N(),f, ~L- 2R/1  /N(]c,j )

(12)

n2

( , )

1:!

( )

-1

psc ‘ ~“ ‘N(;W,ci~~c
1-1 - --7 - ,] –-

21:11  /N(~c,f
(13)

1 1:!
Psy ‘ _.. ~,.fz ( J-yl ‘/lv(l,fj  )

2X2 N(,WJI.$Y
(14)

WI wrc l{] is t] lC average comhind  data ~mvcr foul) d by avcragi]  lg the m Idi tkm al data I mm
i)) (5) OVCY t,hc rcsidud  phases .  ‘1’hc qumtitics IIC, 1~ SC, all(l I)sy 1 lz dcllotc  tllc sillglc-sided
carrier, suhmricr, and sylnbo]  loo]) bandwidth), rcsl)cctivcl  y. ‘1’1 lc ~mral nctcrs WsC al ld 14’sV,
wllicll dc]mtc tlIc subcarricr  and sylnlm] window , arc ullit]css and lilnitd  to ((), 1]. l{cfcrri]lg
to (8), tl)c average signal  rcduct)iol] ful]ct}ioll  duc to ~)llasc  I [iisaliglllllcllt  bctwwcll 11> signals
7? N(1 111, dcIK)tccl  Grli ~ is giv~l~ M P]

(15)

4



2 . 1

‘A&I 2SNl{7t1

wlmc SNII’qtl  is the SNIL of tJIc cmdatm  ill l“ig. 1 mld is givcll m ~~]

(16)

(17)

wi(,]~  ]]CW,, dcnding  tJIc single-sided balldwidt}}  of the I}r filtm ~)mxxling  tllc comclatjor and
?~(fi.,.  tjhc  averaging tlimc of the cmrc]atfor.

2.2 Symbol SNR Loss

‘1’hc 11’SC  S10{ for an 1, antjcnna  array, dcnokxl l~q(ll), is defined as

1,-1

WIICIC A# = (A#z] , . . . . Aq5(1,_ ,), ), the 1,- 1 r(!sidual  ])llasc crrms lx!twccl]  the Icfcrcllcc  signal
al]d tllw 1/ - 1 10 nainim g signals arc indc~xmdcldj  G aussi al I m Idol n varia] )Ics wi tlh varial Icc
givwl by (16) . ‘J’hc lhascs ~JC, q’~sC, aIId q+.u arc statlistlicall y dcscribd as ill (8). Ikdkwjllp;
sil nil at mathcmat)ical manipul at,ion as in [3], t]] lc cmldit,iona]  S1’;1 {, ho) ncs

fhll~st,ii,uting (7) for SiV R! yields

~_–_ -—

(20)

WI ICIC IJ.q /No z I&l 7 ‘/Nol is tlw symbol SNli, at antmllla 1 aIId t,llc CO II 11)1 CIIICI }tary mm
function is Mid as Cm

/C“fc(x) ‘ “:” ~ Cx])(- “2) ’1”
(21)
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3 Galileo S-band Mission Scenario

‘1’lm II’S(; symbol SN1 1 dcgdation and symbol SN1 { loss for tlx! case of two 70-1 nd,cr an-
tl[!lImS  is dq)ictd in l’igurcs  2 and 3. 11] ~mrticula~,  F’igurc 2 was COII1l)UM  using typical
va lues  for tll]c Gali]co  S-lhnd  lnission:  ~~ : _l~

NO] N(12 15 d13-llz, 1{~ ~ 400 sylI1/see,  IIc ~ 0.1
IIz, IIcmr ~ 10,000 IIz, mld  ?:mT = 120 SCC, w]lich ccmcslm]ds  to tl]c ideal S1’;li  of ().2871 69.
It, is cvibt,  from the l“igurc  2 that  for t,l)is S1’;1/,,  sy]nlm] SNI{, dqgadatiol)  aTId loss agree to
wi~]~il,  0.0] d]].

‘1’llc syml)ol SNJi clcgradation in Figure 2 was folllld by using (8), wl]crc the earlier,
subcarricr,  symbol, and correlation loo]) SNI{,’S were derived using (12), (1 3), (1 4), and (17)
mslwdivcly;  tl]csc 100I) SNI{,’S arc s~llr)~narizcd  ill ‘1’ab]c 1a. 1“01 tl]c correlation loo]) SNI{,,
wc assul  nc that  the corrclatjion  ball d width allows olll,y t,] lC first hm mmi c of h subcarricr
squarcwavc to ~Jass  unfilt,crcdj  rcsult,il)g  ill ().9 d] 1 loss ill lxnvcr.

‘1’l)c sy]nbo] SNI{, loss, on the ot,llcr l]a]]d, was obt,aillcd  l)y Ilsillg (18) for tllc case of two
70-lnctcr  al~tcl  IIlas and, conscqucl)t)ly) t,lw co]]ditio])al  S1’;li givc]l  ill (20) siln~)lifics  to

(22)

‘1’1  IC cmricr,  subcmricr,  symbol, and cord at,ion 1001)  SNI {,’s arc SU] nmarizcd  il I ‘1 ‘ab]c 1a,
wi tjll  l~s/iV()  : -  11 d] 1. ‘J’llc sy] nlml  SN1{ CaII now bc folll  I d  l)Y it,crativcly  solvil]g;  fol III(:
additional SNI{, nccdcd to achicvc  tlIc ideal S1’;1{  of ().287169. ‘I’l Ic procms of finding Lllc
sy]nlm] SNI{, loss is illust,rat,ccl  for Lhc case W}ICII LIIC suljcawicr  and SyIIIbOl loo]) balldwidt,hs
MC equal to 1 ml]z.  llsil]g l;~/No of -11 dll, t,l Ic Sl~;li.  using (1 8) LCCOIINS ().2()1 074. Si]lcc
this is higher t,l]at, the ideal S1’;lt,  l~~/N()  is il]crcascd by mm Al;S/lV(j so that  t,llc S1’;1/ using
(18) is equal to tl)c ideal S1;1{. After an ituat,ivc  lJIOCCSS, Al’;S/N(, of 0 .18 d] I acllicvcs  tJIc
ideal S1{;1{,  which by dcfinit,io])  is t,llc syIII}x)l SN1{,  loss. ‘J’1 IC sal m i t,crat,ivc 1 )Iwdurc  was
mu] to gcncratc  tl]c symbol SNI{, loss for diff’cm~t  s~ll)canicr al)d sy] nlm] 1001)  lmndwidt,l]s
as shown in l~igurc 2.

‘1’lm ~mrforlnallcc of FSC for an ideal S1+11{, of 3.4 x 10-5 is lwcscnt,cd  ill 11’ip;urc 3 wl)ic]l
IIas tilt: sal nc values as in 1~’igurc  2 cxcq)t,  {’, : ~~2 : 32 dl]-llz all(l IIc ~ 250 IIz. IIotll tlllc
sy] nl )01 SNI L dcgradat,iol)  and loss were cm n~mt,cd using the smnc 1 )roccdurc as 1 wforc wit,]]
llS/NO in this case equal to 6 d] 1, and tllc 100I) SN1{’S of tllc carrier, su}xarricr,  sy] n]ml, and
corrclat)or  arc sul nlnarizcd  ill ‘1 hblc 21), l“rol n l~igulc  3, it is cvidmlt t,l]at, sy]nbol  SNI{, loss is
(al mut 1.4 d] 1 larger t,l]m 1 Stymbo] SNI { dcgradat,ioll. ‘J’his is to lx! cxlmt,ul sillcc tllc Sl~Jl{ for
this case is l)igll. III gc]]cral, sy]nlm] SNI{ loss g;ivcs tl}c ahl~lt,c  ])cIforI  IIaIICC  advalhgc  of
al] ama<yi  ng sclmnc  whi]c sy] nl.m] SNI {, dcgr(adat,  ion gi vcs t,llc rc]at,  i w! I wrfon na] Ic,c adval  lt, ag;c.
]1’or ]OW symbo]  SN 1 k, ]IOWCVCT, dcgradatlio]]  and loss arc co]nlmah]c  as slmwl  in l’igurc 2.
1,ikmvisc,  sy]nbo] SNI{, dcgradatiol]  is a lower bound for syIIIlml SNli loss. (loll~l)lltat,ioll[lll”  y,
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s-y Inbol SNIL degradation is msicr to calculate tllall symlml  SNl\. 10SS; t,lw laitcr mquircs
I )ul mica]]  y i~ltcgrati  ng h! S1’;1 { si ncc m cxad  dosed form solution  cxi stls al I(1 for kirgc  lJ
cm ISUT ncs a 10L of co]n~mtm til m

4 Conclusion

‘1’his palm dcscribul  tlm pcrfmnancc  of IJSC using symbol SNli  dcgradatiol]  a]ld 10SS. lt
is SIIOWII that lmtJI dcgradatiol] al]d loss arc i]] agrcc]nmlt at low values of syI obol SNI{ hut
divmgc at nigh values. l’or the Gal i leo  S-bal]d  lnissiml,  tllc dcgradatio]]  ~mwidcs  a good
cs(, imatc for t,]m ]x!rfmnancc! as t,]w symbo]  SNI{ is ty])ical]y bdow -~ d]]. ] k!]m)ding  on the
subcarricr  ball dwidih,  the degradation for 2 70-mctfcr  antlmnas  call vary fro] II 0.1 dl 1 to 0.5
[111.
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